A unique lipolytic bacterium was isolated in a selective growth system consisting of 99% triglycerides and a 1% water phase. The bacterium, termed Pseudomonas aeruginosa YS-7, was able to grow in an environment of low water content and could also survive amphipathic, osmotic, and matrical water stress in a triglyceriderich culture. The isolated strain was identified as P. aeruginosa on the basis of standard physiological, biochemical, and serological assays. The strain is a gram-negative motile rod, aerobic, pigment forming, and capable of growing at 42°C. It is highly tolerant of high concentrations of the cationic detergent cetyltrimethylammonium bromide and of the fatty acid salts derived from bacterial hydrolysis of the oil. Growth of the bacterium in a pure culture in a 99% triglyceride medium lasted until most of the water was evaporated or consumed. Growth was accompanied by triglyceride hydrolysis, which continued to occur even after growth saturation until the water was totally depleted. No loss of viability was observed when the culture was maintained under water-depleted conditions for an additional 40 h. A second cycle of bacterial growth and triglyceride hydrolysis was immediately initiated upon the addition of 1% (vol/vol) water to the culture. Lipase activity was stable regardless of changes in culture conditions. The isolated strain is uniquely resistant to severe water stress in a triglyceride-rich medium or under cold acetone precipitation compared with 12 other microbial strains, including bacteria and yeasts. Among these 12, only the lipolytic strains grew in the 99% triglyceride medium, but they reached a cell mass fourfold smaller than that of P. aeruginosa YS-7. The presence of free fatty acids prevented the growth of all examined strains except for P. aeruginosa YS-7. This strain was also considerably more resistant to cold acetone drying stress (more than 85% survival) than any of the other microbial strains examined (maximum of 15% survival).
Microbial lipolytic microorganisms have been characterized, and intensive investigations have been directed towards various aspects of their physiology, lipolytic mechanisms, ecological and pathogenic implications, and production and biotechnological exploitation of their lipases (2, 4, 25) . The lipases of these microorganisms are generally inducible, with the fatty acid ester and in some instances free fatty acids serving as inducers (2, 4, 25) . These microorganisms utilize the fatty acids produced from esterified alcohols by their lipases.
In all of the cases referred to above, the microorganisms function in a dilute oil-in-water emulsion, where the water content is high and a large interfacial area is available for degradation and utilization of the triglyceride substrate.
We describe here the isolation and properties of a lipolytic bacterium capable of surviving and demonstrating lipase activity in an environment of extreme water restriction during its growth. Under these conditions, the interfacial area does not seem to hinder lipolysis. However, such conditions of extreme water limitation must be overcome by the growing cell; it needs to hydrolyze the triglycerides in a water-in-oil emulsion and utilize the fatty acids for its growth, as well as withstand the depletion of free water content in the medium caused both by evaporation resulting from aeration and by the triglyceride hydrolysis. Media and culture conditions. The medium defined for growth of the isolation cultures contained (per liter of deionized water) 0.48 g of KH2PO4, 1.12 g of K2HPO4 (Merck), and 2.0 g of (NH4)2SO4 (Merck). In addition, MgSO4-7H20 (Merck) was prepared separately and added to a final concentration of 0.1 g/liter. Also added was a trace element stock solution (1 ml/liter of medium) prepared as previously described (19) . Soybean oil (Etz-Hazaith, PetachTikva, Israel) was used as the triglyceride carbon source at a concentration of 99% (wt/vol) in the isolation cultures and at a concentration of 2% (wt/vol) in routine cultivation following isolation of the microorganism. Cultures (50 ml) were prepared in 250-ml baffled flasks and shaken (350 rpm) in NBS G-24 gyratory shakers. The temperature range in the isolation cultures was initially 18 to 45°C. The routine cultivation of the newly isolated bacterium P. aeruginosa YS-7 was conducted at 37°C.
MATERIALS AND METHODS
Growth on 99% triglyceride in a fermentor: culture conditions. Larger scale cultures were grown in a 2-1 NBS Microgen fermentor (New Brunswick Scientific) by using the same medium formulation as that used for the isolation culture. The water (1% vol/vol) in the triglyceride broth came from the freshly resuspended inoculum. Fermentor conditions were as follows: working volume, 1.8 liters; temperature, 37°C; agitation, 500 rpm; aeration rate, 0.9 liters/min. Gas analysis monitoring of inlet and outlet air. The composition of inlet and outlet airstreams with respect to oxygen, carbon dioxide, nitrogen, and water was continuously monitored by a Quadrupole Hal-100 mass spectrometer gas analyzer (Hiden, Warrington, England). The data were transmitted directly to an IBM PC-AT compatible computer for calculation of the respiratory parameters, oxygen uptake rate, and carbon dioxide evolution rate as previously described (17) . The water content in the gas phase (expressed as water partial pressure in units of 10-7 torr [-10-5 Pa]) was used as a measure of the water content in the liquid phase of the system, according to a previously described methodology (28) .
Sample processing. Samples (50 ml) were withdrawn periodically from the well-agitated culture and centrifuged (17, 400 x g, 15 min). Most of the oil phase was removed, leaving residual triglyceride and the lower water phase (total volume, 2 ml). Each sample was then remixed, and a known part was taken for enzyme assay and the rest was used for cell protein estimation.
Measurement of cell growth. Cell growth was measured as total protein in the culture following alkaline pretreatment of the samples as previously described (20) .
Measurement of fatty acid hydrolysis in cultures. Free fatty acids that had accumulated in the culture following their hydrolysis were extracted from samples and analyzed by gas chromatography according to a previously described standard methodology (9, 20) .
Lipase assay. Lipolytic activity was followed quantitatively by means of a standard chromogenic lipase assay (20, 29) 16 ,ug/ml. Included among these were 3-lactam penicillins (e.g., amoxicillin and mezlocillins), cephalosporins such as cefalotin and cefotaxime, tetracycline, nalidixic acid, erythromycin, lincomycin, rifampin, and vancomycin. The bacterium was sensitive to ceftazidime, cefsulodin, imipenem, tobramycin, gentamicin, amikacin, and colistin, the MIC of each being about 4 ,ug/ml. CTAB tolerance. In common with many bacteria which belong to this genus (7, 12) , P. aeruginosa YS-7 demonstrated an extremely high tolerance to the bactericidal cationic detergent CTAB (700 and 1,100 pug of CTAB per ml in liquid and semisolid media, respectively). In the latter medium, where tolerance was higher, the colonies had a mucoid, slimy appearance.
Cell hydrophobicity. The hydrophobicity of the isolated strain was determined by a previously described method (15) in which adherence of the bacterium to an aliphatic hydrocarbon is examined. P. aeruginosa YS-7 exhibited unchang- Growth and lipolytic activity of P. aeruginosa YS-7 in a 2-liter fermentor containing 99% soybean oil. The fermentor was inoculated with a suspension of cells pregrown on 5% soybean oil and then resuspended in a fresh water medium, and the suspension was added to the sterile soybean oil in the vessel to constitute 1% of the total liquid volume. Samples (50 ml) were withdrawn periodically for estimation of cell growth measured as protein (A), lipase volumetric (A) and specific (O) activity by the chromogenic assay (B), and free hydrolyzed fatty acids (C).
ing hydrophobicity regardless of the growth medium or water content. It showed rather poor hydrophobicity compared with that of a hydrocarbon-degrading bacterium such as A. calcoaceticus RAG-1, in which over 90% of the cells adhered to the hydrocarbon. In contrast, most of the cells (over 65%) of the isolated strain, as with many other strains examined in an oil-in-water emulsion, were located in the water phase.
Growth and lipase activity in pure culture with 99% triglycerides. The conditions in the isolation culture were controlled so as to engender a continuous reduction in accessible water in the system. The isolated bacterium was now examined in pure culture under such water-depleting conditions to demonstrate explicitly its tolerance, growth capability, and properties relating to lipolysis.
The inoculum of P. aeruginosa YS-7, after being pregrown in medium containing 5% triglyceride that enables normal growth, was washed, resuspended in fresh defined medium, and introduced into the triglyceride in the fermentor in order to form the triglyceride-rich culture produced under conditions identical to those of its isolation. The Oxygen uptake rate; (B) partial water pressure in the exit air from the fermentor, representing the water content in the liquid phase. Both parameters were continuously monitored by the HAL-100 mass spectrometer gas analyzer linked to a master computer for on-line calculations of oxygen uptake rate.
pattern and lipolytic activity of the bacterium are shown in Fig. 1 . During the initial stage of growth in 99% triglyceride culture, the bacteria appeared to grow normally, with a generation time of about 3.0 h (Fig. 1A ). For about 15 h, the volumetric lipase activity increased in correspondence with the growth pattern, reaching a plateau at about 20 h (Fig.  1B) . In contrast, the specific lipase activity (per cell protein), as measured by an independent chromogenic assay, remained constant throughout the entire growth cycle (Fig.  1B) . No significant amounts of free fatty acids accumulated in the medium during the first 15 h (Fig. 1C) , suggesting that the lipolytic activity appeared to satisfy the demand for carbon as a growth source.
Towards the end of the first 25 h, growth slowed down and an excess of free fatty acids was observed (Fig. 1C) . Growth finally stopped at about 30 h, but the hydrolysis of fatty acids continued for an additional 30 h, after which it decreased gradually and stopped completely at about 60 h. The growth of the cells was accompanied by respiratory activity, which was determined with a mass spectrometer gas analyzer. A typical peak of oxygen uptake rate ( Fig. 2A) was observed in the middle of the growth phase (not shown). Both growth and respiratory activity ceased when the water content of the medium dropped below a critical level, corresponding to about 0.01% water, as indicated in Fig. 2B by the homologous gas-phase content of the water (expressed as partial water pressure in units of l0' torr). The decline in water content was found to result mainly from continuous evaporation via the airflow into the fermentor. The amount of hydrolyzed fatty acids indicated that triglyceride hydrolysis consumed only small amounts of water, thus contributing only slightly to the reduction in water content. FIG. 3 . Scanning electron micrograph of isolated P. aeruginosa YS-7 grown in oil-rich culture. Cells were withdrawn from the oil-rich culture at the end of the first growth cycle at about 60 h (see Fig. 1 ). Aggregated cells were subjected to regular processing for scanning electron microscopy of fixation and drying. (Magnification, x 7,500).
Direct visual and light microscopic examination revealed that the bacterial cells at the final stage of the experiment appeared to be aggregated in the oil-rich medium. This is demonstrated in a scanning electron micrograph (Fig. 3) . Until this stage, the bacteria were associated with the water droplets in the culture (observation by light microscopy; not shown) and were not dispersed in the triglyceride phase.
The culture was maintained for an additional 40 h, during which no further changes were observed.
The addition of 1% (vol/vol) fresh sterile water to the triglyceride broth at 100 h of culture (Fig. 1A , B, and C and 2B) prompted a second cycle of growth, respiration, and lipolytic activity. Irrespective of the precise mechanism of growth arrest, this indicates clearly that the predominant factor responsible for stopping growth and lipase activity in the system was water limitation. It should be noted that the specific lipase activity was constant during the second growth cycle as well (Fig. 1B) strated in an experiment in which free fatty acids (oleic and linoleic acids, 1:1) were added initially to the individual culture suspensions at a final concentration of 7 mg per 50 ml (whole culture). Under these conditions, which simulated the free fatty acid concentration at the final stage of the P. aeruginosa YS-7 fermentor culture, only the isolated P. aeruginosa YS-7 grew. The two Acinetobacter strains exhibited above 90% viability, but the other strains were barely able to survive the conditions and few of them had more than 1% survival. The remarkable survivability of P. aeruginosa YS-7 was demonstrated even more strikingly when, in addition to the fatty acid supplementation, the concentration of other constituents of the water-defined medium (salts) was increased 15-fold.
Residual viability following cold acetone precipitation. As indicated above, the viability of P. aeruginosa YS-7 was not affected by growth conditions in the fermentor, in which water was depleted mainly because of evaporation and was insufficient for active growth. In contrast, the 12 The isolated strain termed P. aeruginosa YS-7 was identified as a member of the genus Pseudomonas, and its properties matched the characteristics of a P. aeruginosa strain (7, 12) . Identification was made according to standard methodologies and was mainly based on its motility, aerobiosis, pigment production, high CTAB tolerance (up to 700 ,ug/ml, as denoted in the term YS-7), growth at 42°C, and numerous biochemical features (Table 1) . Serological examination confirmed its assignation as P. aeruginosa serotype H-9. However, the isolated strain failed to reduce nitrate to nitrite and nitrite to nitrogen, which represents a slight deviation from the typical characteristics of previously described P. aeruginosa strains (7, 12) .
Tolerance to extreme water stress. The isolated strain was unique in its capacity to survive various conditions or treatments involving the drastic reduction of its environmental water content. Its lipase activity continued after growth had ceased, suggesting that compared with the whole cell this enzyme is even less sensitive to extreme water stress. The unique resistance of the isolated bacterium compared with that of 12 other microbial strains, including bacteria and yeasts, was clearly demonstrated both in water-depleted 99% triglyceride cultures and in the drying treatment with cold acetone. In the latter treatment, where P. aeruginosa YS-7 exhibited as much as 85% survival, only the lipolytic strains showed some level of tolerance, suggesting a common property in this microbial class. Studies of the behavior of the Pseudomonas oleovorans bacterium in other systems of concentrated emulsions or concentrated solvents (16) have indicated a degree of cellular resistance similar to that of our strain, but the water content was much higher than the extremely low levels examined in this study. It thus seems likely that P. oleovorans can tolerate high solvent concentration but not extreme water stress.
The isolated strain also appears to be highly osmotolerant, as indicated by its resistance to increased concentrations of salts and other compounds (e.g., the hydrolyzed glycerol) in the decreasing water phase of the culture. Obviously, at such high concentrations these compounds not only contribute to the reduction in water activity but also exert their osmotic stress on the growing microbial cells, as described for some fungal strains and halophilic bacteria (1, 10, 21) .
Tolerance to amphipathic compounds. Like other members of the genus Pseudomonas, the isolated bacterium P. aeruginosa YS-7 is highly tolerant to the toxic cationic detergent CTAB. However, unlike other microbial strains which failed to grow or survive in a high concentration of free fatty acids, it also appeared well able to overcome the amphipathic effect of the fatty acids. It thus seems that P. aeruginosa YS-7 can tolerate concentrated amphipathic agents such as detergents or soaps, suggesting it may be endowed with a uniquely stable membrane or certain protective extracellular structures, either of which might protect against or neutralize the amphipathic agents. Certain membrane components and structures were previously shown to support the stability, resistance, and viability of various microorganisms to physical conditions such as low temperature (5, 6, 13) . In some members of the genus Pseudomonas, membrane structures were found to be involved in resisting various antibacterial toxic compounds (11) .
However, the hydrophobicity of the isolated bacterium is
